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a b s t r a c t 
One of the numerous challenges of the demonstration power plant DEMO is the selection of appropri- 
ate plasma facing materials (PFMs) and this task is ultimately important to the success for DEMO. Low- 
activation stainless steel (e.g. EUROFER, P92), which is already intended as structural material, could also 
become a possible plasma facing material, e.g. for the ﬁrst wall (FW). Therefore, the ferritic martensitic 
steel P92 was investigated under DEMO relevant loading conditions. An area of the sample surfaces was 
ﬁrstly molten by transient events with varying power densities (A = 245 MW/m 2 , B = 708 MW/m 2 ) and 
afterwards simultaneously and sequentially exposed to thermal and particle loads. Surface modiﬁcations 
and pronounced microstructure changes were investigated dependent on the pre-exposure, loading se- 
quence and power density. More precisely, it turned out that there was no connection between the load- 
ing sequence and the surface modiﬁcations for the preloaded A-samples contrary to preloaded B-samples. 
The preloaded B-samples exhibited surface roughening, melting and the formation of holes dependent on 
the loading sequence and power density. 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
The environmental conditions in DEMO for the in-vessel com-
onents and thus for the armour materials are severe and complex
1,2] . The PFMs must not only withstand steady state heat loads,
dge localised modes (ELMs) but also off-normal events (disrup-
ions, “hot” and “cold” vertical displacement events (VDEs)), run-
way electrons (RE), high particle and neutron ﬂuxes [3,4] . Tung-
ten is still a main candidate as PFM but also ferritic-martensitic
teels, which are foreseen as structural material in DEMO, could
ecome contingent candidates for PFMs [4] . Therefore, more re-
earch is needed. However, the present comprehensive experi-
ents investigated several exposure parameters at once, to pre-
ict the performance of the ferritic-martensitic steel P92. The ex-
eriments were executed in two test devices, the electron beam
acility JUDITH 1 [5] and the linear plasma generator PSI-2 [6] .
UDITH 1 was used to melt the surfaces by transient thermal
vents. Afterwards, the preloaded samples were exposed to ther-
al (Nd: YAG laser) and particle (deuterium plasma) loads in
he linear plasma generator PSI-2. Furthermore, the exposure se-
uences were varied. This work focuses on the inﬂuence of melt∗ Corresponding author. 
E-mail address: i.steudel@fz-juelich.de (I. Steudel). 
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Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.08.00ayer formation/solidiﬁcation and sequential/simultaneous loading 
n the damage behaviour of stainless steel, changes of the mor-
hology, and consequential risks regarding the application. 
. Experimental 
The industrially available, ferritic martensitic steel P92
X10CrWMoVNb9-2, BGH Edelstahl Freital GmbH) was investi-
ated. Samples with the dimensions 12 ×12 ×5 mm ³ were cut
rom the round blank and afterwards polished to a mirror ﬁn-
sh to obtain a well-deﬁned surface structure. The ﬁrst part of
he experiments, with the purpose to create solidiﬁed surfaces,
as realised in the electron beam facility JUDITH 1, located at
orschungszentrum Jülich. The electron beam was used to sim-
late transient events with different power densities that could
ffect the FW in DEMO and could cause melting. For the A tests, a
ower density of 245 MW/m 2 (corresponding to a heat ﬂux factor
 HF ∼ 13 MW/m 2 s 0.5 ) was used to ensure melting. Different pulse
umbers (10, 100 and 10 0 0) were applied with a pulse duration
f 3 ms to an area of 8 ×8 mm 2 . The B tests were done at a power
ensity of 708 MW/m 2 (corresponding to a F HF ∼ 22 MW/m 2 s 0.5 )
nd with varying pulse numbers of 10 and 100. Furthermore, the
ulse duration was 1 ms and the exposed area had to be down-
caled to 6 ×6 mm 2 to achieve the intended loading conditions.
ll electron beam experiments were done at room temperatureY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
Overview of the loading conditions of tests in JUDITH 1 (preloading) and PSI-2. 
Preloading A-sample B-sample Loading PSI-2 Pre. A-sample Pre. B-sample 
Loaded area [mm 2 ] 8 ×8 6 ×6 Preloading pulse number 10 0 0 100 
Pulse duration [ms] 3 1 Pulse duration [ms] 1 1 
Pulse number 10/100/1000 10/100 Repetition frequency [Hz] 0 .5 0 .5 
Power density [MW/m 2 ] 245 708 Pulse number 100/1000 100/1000 
F HF [MW/m 
2 s 0.5 ] 13 22 Power density [GW/m 2 ] 0 .16–0.66 0 .16–0.66 
Base temperature [ °C] RT RT Base temperature [ °C] 400 400 
Loading sequence 1–4 1–3 
Loading sequence 1. laser (100) → plasma 2. plasma + laser (100) 3. plasma → laser (100) 4. plasma → laser (10 0 0) 
Fig. 1. Surface morphology after exposure in JUDITH 1. a) shows the surface after 10 pulses at 708 MW/m 2 . The proﬁlometer scan displays clearer the wavy structure. b) 
shows a surface after 10 0 0 pulses at 245 MW/m 2 which caused a pronounced hill-valley structure. 
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q  (RT) and with loading parameters that guaranteed the melting of
the surface [7] . Afterwards, the samples were investigated by laser
proﬁlometry and scanning electron microscopy (SEM). The second
part of the tests was the sequential and simultaneous exposure
to thermal and particle loads at the linear plasma device PSI-2,
where the power density and plasma parameters were retained
but the order of loading and the pulse number were changed.
Therefore, the preloaded targets were mechanically clamped to
a holder and heated to a base temperature of 400 °C. During
the tests, a Nd: YAG laser with a wave length of λ= 1064 nm
and a maximum energy of 32 J was used for the thermal shock
events with a repetition frequency of 0.5 Hz and a pulse dura-
tion of 1 ms. The applied power densities covered a range of
0.16 – 0.66 GW/m 2 . The particle exposure was realised by pure
deuterium plasma with a ﬂux of ∼ 6 ·10 21 m −2 s −1 and a ﬂuence
of up to ∼ 1.2 ·10 25 m −2 (corresponding to 10 0 0 laser pulses). In
addition, a bias voltage of 60 V accelerated the particles towards
the sample which resulted in an ion energy of 35 eV. After the
cessation, the preloaded A-samples held four exposure spots while
the preloaded B-samples held three due to the smaller solidiﬁed
area. In detail, the ﬁrst spot was primarily exposed to 100 transient
thermal events and subsequently to plasma. On the second spot,
the loading was simultaneous, while the third and fourth (only
for preloaded A-samples) spots were initially loaded with plasma
followed by 100/1000 thermal pulses, respectively. Afterwards,
the induced damages and surface modiﬁcations were analysed by
light microscopy, SEM and metallographic cross sections. Table 1
summarises all loading conditions to give a better overview. 
3. Results and discussion 
Fig. 1 illustrates exemplarily a sample surface after 10 events
at 708 MW/m 2 ( 1 a) and after 10 0 0 events at 245 MW/m 2 ( 1 b).
It became apparent that the A-samples, which were exposed at
245 MW/m 2 , experienced greater surface modiﬁcations and ended
up with pronounced hill-valley morphologies. This effect intensi-Please cite this article as: I. Steudel et al., Melt-layer formation on PF
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.08.00ed with increasing the applied pulse number and was driven by
he occurrence of melt layers and their motion due to cohesive
orces. After 100 pulses at 708 MW/m 2 the loaded area showed
 smooth, wavy surface in comparison to the A-samples, which
ere loaded at 245 MW/m 2 . These uneven surface modiﬁcations
eem to be affected by the different pulse numbers, pulse dura-
ions and power densities/F HF . Especially, the different F HF , stain-
ess steel will start melting at F HF ∼ 13 MW/m −2 s 0.5 [8] , in com-
ination with the varying pulse numbers inﬂuenced the surface
odiﬁcation massively. 
However, for the following tests in PSI-2, the samples with the
eaviest marked surface modiﬁcations were used, to investigate
he worst case. As mentioned before, due to the larger area on
reloaded A-samples, four spots with different loading sequence
ould be applied. Fig. 2 shows the different exposure spots for dif-
erent power densities based on SEM images in the top row and
etallographic cross sections in the bottom row. By direct com-
arison, the surface modiﬁcations are independent of the loading
equence. Furthermore, only some isolated cracks were found in
he valleys, most of the cracks originated in the hills either due to
he rapid cool down after each pulse or due to hydrogen accumu-
ation that also generates stresses and drives embrittlement. 
Additionally, the cross section images showed the single inter-
aces between the different phases which had formed during the
elt cycles. Also, cavities were detected in the hills which could be
 result of the repeated shallow surface melting followed by a fast
olidiﬁcation or an effect of the cross section preparation. How-
ver, cavities could decrease the connection to the bulk material
nd could lead to thermal barriers, a risk for overheating and melt-
ng. Another observation was that the small hills grew together to
ig hills due to the repetitive melting and this became more dis-
inct with an increase of the applied power density as well as the
ulse number. 
Different from the preloaded A-samples, the analysis of the
reloaded B-samples revealed a clear inﬂuence of the exposure se-
uence on the surface modiﬁcations. Fig. 3 displays this inﬂuenceMs and the consequences for the material performance, Nuclear 
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Fig. 2. Preloaded A-sample after exposure in PSI-2. The top row shows SEM images of the loaded spots with varying sequences and power densities starting with the lowest 
power density in image a) and ending with the highest power density(and pulse number) in d). The bottom row illustrates the related metallographic cross sections. 
Fig. 3. Representative SEM images (top row) and metallographic cross section images (bottom row) of a preloaded B-sample after sequential and simultaneous experiments 
at the highest power density. The inﬂuence of the loading sequence is mirrored in the surface modiﬁcations that can be seen in the top row. 
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t the highest applied power density (0.66 GW/m 2 ). Investigat-
ng the ﬁrst exposure spot ( Fig. 3 a top row), which ﬁrst saw 100
aser pulses and subsequently the deuterium plasma, the surface
oughness increased from R a =0.35 μm (arithmetic mean rough-
ess R a after electron beam exposure) up to R a =1.2 μm. This in-
rease was accompanied by partial molten parts of the preloaded
urface and small cracks that originated in the near surface re-
ion. The small cracks were observed for each sequence at the
owest power density of 0.16 GW/m 2 . For power densities above
.16 GW/m 2 small cracks were also detected but without an ob-
ious relation to the loading sequence. Furthermore, simultaneous
xposure at 0.66 GW/m 2 led to small holes on the surface which
an be seen in Fig. 3 b top row. These holes were evenly distributed
ver the entire loaded area and frequently at the point where sev-
ral grains encounter each other. 
Taking the epitaxial grain growth at the near surface region
nto account the grain boundaries are straight and perpendicular to
he surface so that this could be the preferential and easiest way
or the hydrogen to interact with the material. An assumption isPlease cite this article as: I. Steudel et al., Melt-layer formation on PF
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.08.00hat outgassing and/or accumulation of hydrogen accompanied by
he arising stresses leads to the observed material loss and forma-
ion of holes. However, further investigations, e.g. retention mea-
urements, focused ion beam cross sections, need to be performed
o get revealing and instructive results. The loading sequence that
tarted with plasma exposure followed by 100 laser pulses induced
tresses that led to plastic deformation and therefore an increase of
he surface roughness as well as molten parts at the exposed area
hose were more numerous and marked compared against the re-
erse order. In conclusion, the observed differences of the surface
orphology are not only arising due to the order of exposure also
ue to the applied power density. 
. Conclusions 
The experiments, combining melting and the creation of so-
idiﬁed surfaces with sequential and simultaneous thermal and
article exposure showed that the kind of preloading inﬂuences
he surface morphology signiﬁcantly and this surface morphology
gain inﬂuences the performance and damage behaviour. The re-Ms and the consequences for the material performance, Nuclear 
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[sults of the electron beam tests exhibited that with increasing the
pulse number for tests with the smaller F HF (A-samples), the sam-
ple surfaces evolved a pronounced hill-valley structure. For the
B-samples, which were tested at the higher F HF , the specimens
ended up with smoother wavy surfaces which could be reasoned
by the complete cool down between two batched pulses, the lower
amount of pulses and the higher F HF that could have caused com-
plete melting of the loaded area. In conclusion, the electron beam
experiments caused severe melting, formation of melt-layers, and
melt motion and further experiments are needed and planed, e.g.
the preloading of A-samples and B-samples with the same pulse
number, to draw well-grounded conclusions about the parameters
responsible for the changes in the surface morphology. 
The second part of this experiment, the sequential and simulta-
neous exposure to thermal and particle loads, brought out that the
sequential loading had no effect on the preloaded A-samples. Fur-
thermore, only the applied power density as well as pulse number
showed an inﬂuence on the surface modiﬁcation. This inﬂuence
was observed by the merging of separate hills to one hill due to
successive melting. The preloaded B-samples acted entirely differ-
ent. In detail, the loading sequence had a signiﬁcant impact on the
surface modiﬁcation and damage behaviour that became more dis-
tinct with an increase of the power density. The surface roughness
increased conspicuously accompanied by partially molten parts for
sequences that started or ended with laser exposure, whereby the
sequence ending with laser exposure generated the higher surface
roughness and amount of molten parts. An explanation could be
the stresses in the material, generated by the thermal shocks and
the hydrogen concentration in the near surface region, which led
to plastic deformation. Moreover, this plastic deformation was
more distinct because ending with laser exposure implies thatPlease cite this article as: I. Steudel et al., Melt-layer formation on PF
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.08.00t the beginning of the sequence the amount of hydrogen in
he near surface region was higher than for the sequence vice
ersa. Regarding the operation of DEMO this conspicuous surface
oughness increase indicates that fatigue effects could appear
aster in the case of distinct higher pulse numbers and therefore
he risk of crack formation, origination of thermal barriers and
elting would increase [9] . All these things would shorten the
ifetime of the in-vessel components and/or negatively inﬂuence
he frictionless operation of DEMO. Another observation was that
imultaneous exposure created small holes all over the entire
oaded area. An assumption could be that the outgassing of hydro-
en led to material loss accompanied by plastic deformation. To
ake a valid statement about this observation and to understand
he underlying processes further investigations are planed like
ocused ion beam cross sections and retention measurements. 
To further support this conclusions, following experiments will
im on better comparable, initial conditions for the electron beam
ests. In addition, to characterise the synergistic effects of steady
tate hydrogen exposure and thermal shock exposure and to iden-
ify important threshold values and material parameters the expo-
ure parameters have to be expand. 
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